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We  now  have  substantial  X-ray  diffraction  and  electron  microscope  data  from  a 
variety  of  plasma  membrane  and  cytoplasmic  membrane  preparations  examined 
as condensed membrane systems. 
Our procedure (Finean, Coleman, and Green,  1966; Finean, Coleman, Green, and 
Limbrick,  1966)  is essentially to isolate biochemically  well-characterized membrane 
preparations by standard  tissue-fractionation techniques,  to reduce the  solute content 
of the aqueous phase in the membrane pellet to a very low level, and then to condense 
a  sample of the  membrane pellet by slow dehydration  under  nitrogen.  During  this 
controlled dehydration we obtain a  sequence of low-angle X-ray diffraction patterns 
by using a  line-focused X-ray beam; corresponding wide-angle patterns are recorded. 
A  parallel  series of samples is  prepared for electron  microscopy. The dried  samples 
have been heated  to  100°C  or more during  the recording of diffraction patterns for 
identification of lipid reflections. 
The general features of the structural data obtained from the isolated membranes 
examined  under  these  conditions  have  shown  striking  similarities  to  data  obtained 
from the myelin sheath in intact nerve tissue and tend to support the idea that mem- 
branes are fundamentally similar in structure although perhaps highly individual  in 
detail. 
GENERAL  FEATURES  OF  LOW-ANGLE  DIFFRACTION 
DATA 
Discrete X-ray diffraction bands do not normally appear until  the water content of 
the  membrane pellet  has  been  reduced  below  50 %  with  respect  to  the  final  dried 
weight.  Eventually a  sequence  of diffraction  changes  is  observed as  the  water con- 
tent  is slowly reduced  to the  minimum level imposed by the  conditions  in  the  con- 
trolled humidity chamber. 
These  changes  in  diffraction  patterns  can  be  referred  to  three  stages.  The  first 
stage is characterized by the appearance of a small number of diffraction bands which 
can, in most cases, be related to a single lamellar repeat period. In some, particularly 
in  one  type  of preparation  of erythrocyte  ghosts,  this  pattern  becomes  very  well 
defined  (Fig.  1). This preparation gives four well-defined orders of a  lamellar repeat 
period of 110 A which remains constant over a  relatively long period  (Finean,  Cole- 
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man,  Green  and  Limbrick,  1966).  In the  case  of other samples,  for instance  inner 
membranes  (Thompson,  Coleman,  and  Finean,  1967)  and  outer  membranes  of 
mitochondria,  this  stage  is  brief and  the diffractions are  less well  defined although 
they  are  still  clearly  identifiable  with  lamellar  periodicities  in  the  region  of  110- 
120 A. Other membrane preparations give much higher periodicities in stage I. 
The second stage is characterized by the development of a  strong reflection in the 
50-60 A region. This may appear as an intensification of an already present lamellar 
band  or  as  a  completely new  band,  but  in  every case  this  band  quickly becomes 
FIGURE  1.  Low-angle  X-ray diffraction  pattern 
from a  condensed  preparation  of rat  erythrocyte 
membranes.  Line-focused X-ray beam. 
FIGURE 2.  Examples  from a  sequence  of low- 
angle X-ray diffraction  patterns  from a  prepa- 
ration  of  rat  muscle  microsomal  membranes. 
Line-focused X-ray beam. 
dominant.  In  some  samples,  as  for  instance  muscle  inicrosomes  (Fig.  2  a  and  b), 
this  band  is  evident  even  before  the  lamellar  pattern  is fully developed and  stages 
I  and  II cannot be clearly distinguished. 
In  the  final  stage  a  sharp  reflection  appears  in  the  region  of 40  A,  usually  ac- 
companied  by a  simultaneous weakening  and  perhaps  also  a  change  in  spacing of 
the 50  60 A  band  (Fig.  2 c).  These changes may be very slow and require  12 hr or 
more  to reach a  steady state.  Eventually a  clear  distinction  can  be  made  between 
bands in  the 40-60 A  range and those at appreciably higher spacings which can be 
traced  back continuously to the stage I  lamellar reflections.  This distinction  is most 
readily demonstrated  by heating and cooling experiments which show bands in  the 
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components.  The  higher  spacings  are  little  affected  by  temperature  changes  up  to 
about 150°C. 
In the case of myelin (Elkes and Finean,  1949,  1953; Finean,  1960), it was suggested 
that diffraction bands in the 40-60 A  range represented lipid components which had 
formed  physically  separate  phases  in  the  dried  tissue,  while  the  higher  spacings 
represented  the  residual  membrane  structure.  A  similar  interpretation  could  be 
supported for patterns from each of the dried membrane preparations so far examined. 
The 50-60 A  band which characterizes stage  II of the diffraction sequences was, 
in  the  case  of myelin,  considered  to  be  an  indication  of membrane  modification 
arising from the removal of water essential to the  membrane structure  and possibly 
to involve the separation of a  labile lipid  component (Elkes and  Finean,  1949).  On 
this basis, it was calculated from studies of isolated myelin that the amount of water 
FIGURE  3.  Wide-angle  X-ray  diffraction  pattern  from  a  dried  preparation  of  rat 
erythrocyte membranes. 
FIGURE  4.  Wide-angle  X-ray  diffraction  pattern  from  a  dried  preparation  of  rat 
muscle microsomal membranes. 
essential  to  myelin  structure  amounted  to  only  about  30%  of  the  ultimate  dried 
weight  (Finean,  Coleman,  Green,  and  Limbrick,  1966).  In the  subsequent  study of 
erythrocyte  membranes  (Finean,  Coleman,  Green,  and  Limbrick,  1966)  the  ap- 
pearance of a  comparable reflection was taken as an indication of the point at which 
dehydration of the membrane pellet began to modify the molecular organization of 
the membrane, and the water present at this point was only about 20 % with respect 
to  the  final  dried  weight.  Any  diffraction  pattern  recorded  before  this  point  was 
reached  was  assumed  to  relate  to  a  system in  which  the  membranes  retained  the 
water essential to their structural integrity and  in  this sense they were considered  to 
be in the native state.  In some other membrane preparations the point at which the 
stage  II marker band  appears has  been  more difficult to ascertain,  and  the  signifi- 
cance  of the  diffractions  accordingly  have  been  less  positively established;  but  the 
general pattern  of data  is similar in  all cases and  inspires confidence in  this kind  of 
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WIDE-ANGLE  DIFFRACTION  PATTERNS 
The  wide-angle  X-ray diffraction  patterns  obtained  from  these  membrane  prepa- 
rations  have shown marked similarities.  The  hydrated  preparations  have  all given 
broad diffraction bands at about 4.7 and  10.4 A, and in most cases these bands have 
persisted  relatively unchanged  in  the  case of preparations which low-angle patterns 
indicate to be in a final, dried state (Fig. 4). After several days, or even weeks some of 
the  preparations have yielded  patterns  in which sharp  diffraction  lines have  begun 
to appear, superimposed on the 4.7 A  diffuse band  (Fig.  3). The 4.7 A  reflection has 
been suggested  to be derived  mainly from a  lipid  system in which  the  hydrocarbon 
chains  are  in  a  liquid  state,  and  the  sharp  lines  which  eventually  become  super- 
imposed in the dried  state  are  undoubtedly  crystalline  lipid bands. The observation 
that these sharp bands appear only very slowly is reconcilable with the known,  slow 
crystallization properties of lipids.  The  10.4 A  reflection is  not one that is  normally 
associated with lipid  but  could  be derived  from a  protein  component,  although  its 
intensity does decrease markedly when the lipid lines appear in  the 4-5 A  region. 
Although it has not yet been possible to make  a  detailed  comparison  of the  sharp 
lipid lines of the wide angle patterns,  the very close similarities of the 4.7- and  10.4-A 
broad  reflections  which  are  characteristic  of all  membrane  preparations  examined 
in  the  moist state provide further support for the  suggestion  of essential  similarities 
of structure for all of these membranes. 
ELECTRON  MICROSCOPY 
The  electron  micrographs  serve mainly  to  identify  the  structural  units  which  give 
rise  to  the  diffraction  effects  and  to  relate  them  to  the  membrane components of 
the system. In every case the emphasis  is on  lamellar systems, and regions of orderly 
stacking of membranes can  be observed.  In some cases,  as in micrographs obtained 
from  a  condensed  system  of  erythrocyte  ghosts  (Fig.  5),  the  principal  repeating 
layer includes  only one  trilamellar  or  unit-membrane feature  and  hence  only  one 
membrane  thickness,  while  in  others,  such  as  condensed  muscle  microsomes 
(Fig.  6),  the lamellar repeat involves two thicknesses of membrane, evidently asym- 
metric  structures,  coming  together  with  opposite  orientations  to  form  a  repeating 
layer essentially similar to that of the myelin sheath. The dimensions of these repeat- 
ing layers show appreciable variation but are generally of the order of 70-100 A  for 
a  single membrane repeat and  150-200 A  for the double membrane repeat. A further 
point of general interest is  that  the  trilamellar feature which defines  the  membrane 
as observed in  electron micrographs of intact cells in  most cases is demonstrated  to 
include only a  part of the membrane in that these features do not achieve close con- 
tact in  the condensed  membrane system but remain separated  by material which  is 
not detected  in  the  electron  micrograph of the  intact  tissue.  The  magnitude  of this 
separation is variable in  different membrane preparations. 
MEMBRANE  SUBSTRUCTURE 
Indications  of a  physically pronounced  substructure  have previously been  observed 
in electron micrographs of many membrane systems (Sj6strand,  1963),  in low-angle FIGURE  5.  Electron micrograph of a  thin  section through  a  condensed  sample  of rat 
erythrocyte  membranes.  OsO4-fixed;  Araldite-embedded.  Stained  with  methanolic 
uranyl acetate.  X  160,000. 
FIGURE 6.  Electron micrograph of a  thin section through a  condensed preparation of 
rat  muscle  microsomal  membranes.  OsO4-fixed;  Araldite-embedded.  Stained  with 
methanolic uranyl acetate.  X  160,000. 
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X-ray diffraction patterns  from chloroplasts  (Kreutz,  1964),  and  from retinal  rods 
(Blaisie,  Dewey, Blaurock, and Worthington, 1965). In the present studies the lamellar 
components of the  condensed membrane systems have frequently been  observed to 
be  of a  granular nature in  electron micrographs,  but  the X-ray diffraction data  so 
far has failed to confirm that such a  segmentation of the layers is  a  feature of the hy- 
drated membranes or even of the  dried membrane preparations. 
FIGURE  7.  Low-angle  X-ray diffraction  patterns  from dried  membrane preparations 
Point-focused X-ray beam.  a, intact rat sciatic nerve;  b,  isolated rat erythrocyte mem- 
branes;  c,  rat  muscle microsomal  membranes;  d,  inner  membranes  of rat  liver  mito- 
chondria. 
The low-angle diffraction patterns recorded with a point-focused X-ray beam have 
usually demonstrated  a  pronounced orientation  of the diffracting units.  The  orien- 
tation has been most precise in the case of dried samples and has invariably occurred 
in a  direction perpendicular to the face of the ribbon-like sample when this has been 
examined edge on with respect to the incident X-ray beam.  Four such patterns  are 
shown in Fig.  7.  Corresponding electron micrographs have shown that these diffrac- 
tions arise from stacks of lamellae aligned predominantly parallel to the plane of the 
ribbon.  One diffraction ring which occurs at a Bragg spacing of about 40 A  in most 
if not  all  dried  samples  frequently shows  pronounced  intensifications  at  about  30 ° J.  B. FI/~AN ET AL.  Cell  Membrane Preparations  25 s 
to the equatorial axis as well as along the meridian (Fig.  7a and b). If such nonaxial 
intensifications are interpreted as relating to a layer-line parallel to the meridian then 
the layer line spacing would be  approximately 50 A.  This reflection is,  however, 
readily modified by heating or cooling the sample and is considered to be related to a 
separated lipid phase. 
No low-angle reflections  have yet been detected along the axis at right angles  to 
that formed by the lamellar reflections,  and any low angle continuous scatter has 
shown a pronounced orientation in the direction of the lameUar reflections. 
Studies of the same samples  with the X-ray beam oriented perpendicular to the 
flat face of the ribbon have given patterns showing essentially the same reflections  as 
in  the  edge  on  patterns  but  of much lower intensities  and with less pronounced 
orientations. 
The patterns thus tend to stress the lameUar nature of the membrane systems and 
so far have yielded no defiaite evidence of a physically pronounced membrane sub- 
structure even in the case of preparations of inner membrane of mitochondria where 
the  electron  microscopy  and  biochemical  evidence  of substructure  are  strongest 
(Green and Perdue, 1966). 
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